The viviparous ectoparasitic monogenean Gyrodactylus salaris Malmberg, 1957 is a pathogen of notable significance, with infections of Atlantic salmon Salmo salar in Norwegian rivers having historically resulted in heavy losses Jensen , 1986, 1992; Johnsen et al., 1999) . Gyrodactylus salaris is a notifiable pathogen in the UK and is known to be highly pathogenic to British Atlantic salmon (Bakke and MacKenzie, 1993) . Statutory national surveillance programmes throughout the UK , therefore sample rivers and fish farms on a regular basis for the purposes of screening for pathogens that may impact on the health and sustainability of fish stocks. These pathogens are detailed by Defra (OOF 21) and include G. salaris as a List III pathogen.
The present study focuses on the potential of gyrodactylids to transfer between hosts and the frequency with which this could occur under normal field sampling. One of the principal modes of host-infection within the gyrodactylids is direct transfer from host to host (Bychowsky, 1961) , with movement from substrate to host also recognised as an important route (Bakke et al., 2007) . Both these routes of infection are likely to be further facilitated in the context of field sampling , with dislodgement of parasites and crowding of fish encour-' : ' Corresponding author E-mail: grano_mayra@hotmail.com aging transfer. The importance of inter-species transfer for this group of parasites is discussed by Harris (1993) , Bakke et al. (2002) and Bakke et al. (2007) , who suggested host-switching to be the predominant mode of radiation within the gyrodactylid group. This study looks at the manner in which field samples are collected and whether practices have a bearing on the accurate allocation of gyrodactylid species to hosts. Specifically, there are concerns that holding different fish species in the same transportation vessel may either cause gyrodactylids to detach from their respective hosts causing paraSite burdens to be under-reported or allow gyrodactylids to transfer to new hosts that are encountered in transit providing specificity estimates that are lower than expected. With these considerations in mind, current routine collection and screen ing procedures may lead to a proportion of worms going undetected or misidentified. Previous studies that have considered host to host transfer have tended to do so over longer time periods of several days. For example , Moen and Stockwell (2006) (Mo, 1997) . It has been suggested , however, that under experimental conditions , Gyrodacty/us spp. appear to more readily transfer to atypical hosts, so that the conclusions that may be drawn from inter-species transfers under such conditions are uncertain (e.g . Bakke and Sharp, 1990; Bakke et aI., 1990 Bakke et aI., , 1991 King and Cable, 2007) . The current study looks at the level of gyrodactylid transfer over a short time span between cohabited hosts (three-spine sticklebacks Gasterosteus acu/eatus , minnow and stone loach Barbatu/a barbatu/a) from one Scottish river.
Materials and Methods

Host and gyrodacty/id collection
Specimens of stone loach (n = 18; 1.03 ± 0.20 g; 48.2 ± 4.47 mm), three-spine sticklebacks (n = 18; 0.61 ± 0.12 g; 35.5 ± 7.18 mm) and minnows (n = 18; 0.25 ± 0.05 g; 31.3 ± 2.91 mm) were hand-netted from the River Endrick near Loch Lomond, West Dunbartonshire, Scotland (56°03'20" N, 4°24'00"W). Fish were transferred in separate 10 L vessels, each containing 8 L of fresh river water, one host species per bucket, to the parasitology aquarium facility at the Institute of Aquaculture, University of Sti rling, a journey which took 40 mins.
Fish cohabitation experiment
Upon arrival at the research aquarium, Gyrodacty/us-infected fish were randomly assigned to 1 L beakers each containing 900 mL, 20 pm filtered, fresh , aerated water from the River Endrick wh ich was taken at the point of fish capture. The fish were distributed such that three replicate vessels each contained three stone loach and three sticklebacks, another three replicate vessels each contained three minnows and three sticklebacks. A series of control vessels were set up so that three replicate vessels each contained three stone loach only (stone loach control). another three replicates contained three sticklebacks only (stickleback control) and a further three replicate vessels contained three minnows only (minnow control). The experimental vessels were maintained for 3 h under ambient light conditions (2800 lux) and at the same temperature as the river water at the point of capture (15°C).
After 3 h, each fish from each beaker was euthanised in accordance with UK Home Office regulations and subsequently fixed, individually, in 80% alcohol. The water from each beaker was then passed through a 20 ).1m mesh filter to recover any dislodged parasites. The beaker was then rinsed with 100 mL 80% ethanol and the liquid passed through the filter. The mesh was then back-washed into a separate 20 mL vial to release any gyrodactylid specimens. The skin , gills, nostrils and the mouth cavity of each fish were examined for ectoparasites under an Olympus SZ30 stereomicroscope at x4 magnification. The position of each gyrodactylid on each fish was noted before it was carefully Table 1 . A summary of the total length of the hamulus and marginal hook (mean ± standard deviation) in micrometers followed by the range in parentheses for each species of Gyrodactylus parasitising stone loach Barbatula barbatula , three-spine sticklebacks Gasterosteus aculeatus and minnows Phoxinus phoxinus from the River Endrick, Scotland . The total width of the ventral bar was measured on G. aphyae and G. gasterostei, which are morphologically similar species, to facilitate their discrimination from one another Gvosdev, 1950 24 37.3 ± 1.26 (34.9-39 .7) 20.2± 1.9 (17.6-23.7) B. barbatula removed using mounted triangular surgical needles (size 16, Barber of Sheffield, UK). Each specimen was then mounted on a glass slide in a drop of distilled water ensuring that the haptoral hooks were flat. The specimens were then stained and fixed in situ by the addition of a drop (-3 ~IL) of Malmberg's fixative (ammonium picrate glycerine, APG; saturated picric acid and 100% glycerine) to the edge of the coverslip which was drawn under the coverslip by capillary action. The coverslip was then sealed with transparent nail varnish . Each specimen of Gyrodacty/us was identified following examination and measurement of the hard parts of the haptor using a compound microscope (Olympus BX51) at x 100 oil immersion magnification. The maturity status of each worm was also determined and for this study is given as either Stage 1) lacking an MCO but with an embryo in utero, Stage 2) lacking both a male copulatory organ (MCO) and an embryo in utero , Stage 3) possessing both an MCO and an embryo in a utero, or Stage 4) possessing an MCO but lacking an embryo in utero.
Taxonomic identification
Hook morphology, particularly that of the marginal hook sickle, and morphometry was used to identify each gyrodactylid. The total length of the hamulus and a marginal hook on each specimen was recorded from images captured using a JVC KY-F30B 3CCD video camera mounted on an Olympus BH2 microscope using a 2.5 interfacing lens at x100 oil immersion and KS300 (ver. 3.0) (Carl Zeiss Vision GmbH , 1997) image analysis software. For specimens of Gyrodacty/us gasterostei Glaser, 1974 and G. aphyae which have similar hook morphologies, the length of the ventral bar was also taken but for these two species only. In addition, the armature of the MCO, where present, was used to facilitate specimen identification. Images of the MCO and hooks were captured using a Zeiss 9 h Fig. 1 . The hamuli, marginal hooks and male copulatory organ of Gyrodacty/us aphyae Malmberg , 1964 (a-e) and G. gasterostei Glaser, 1974 (f-j) . a, G. aphyae hamuli and dorsal bar, b-c, marginal hooks, d, marginal hook sickle, e, male copulatory organ armed with 1 large spine facing a single row of 8 approximately equal sized spines. f, G. gasterostei hamuli and dorsal bar, g-h, marginal hooks, i, marginal hook sickle, j, male copulatory organ bearing 1 large spine facing a row of smaller spines consisting of 2 medium sized terminal spines and 8 small central spines. Scale bars a-c, f-h = 10 pm, d, i = 5 pm.
AxioCam MRc digital camera interfacing with an Olympus BH2 compound microscope using a x 0.75 lens and MRGrab 1. 0.0.4 (Carl Zeiss Vision GmbH, 2001) software. The morphometric measurements made on the attachment hooks and ventral bar of each specimen follow those provided in Shinn et a/. (2004) and are expressed in micrometers as the mean ± 1 standard deviation followed by the range in parentheses and are shown in Table 1 .
Results
Morphometric identification
Identification of the gyrodactylids (n = 567) was based on attachment hook morphology and facilitated by measuring the length of the hamuli and the marginal hooks. The discrimination of G. gasterostei (n = 406) from G. aphyae (n = 42) was more difficult but was made possible by measuring the length of the ventral bar in addition to the previous measurements. The ventral bar of G. aphyae is shorter (i.e. 26.9 ± 6.1; 20.1-35.5) than that of G. gasterostei (i.e. 31.3 ± 2.7; 28.1-36.7) and this assists their discrimination from one another ( Fig. 1 ; Table 1 ). The MCO, when present, was also used to support species identification (Fig. 1) . The MCO of G. gasterostei is presented for the first time , as are the tissue-free haptoral hooks of G. aphyae and G. gasterostei (Fig. 1) .
The Gyrodactylus population on experimental fish
Eleven species of Gyrodactylus were recovered from the three fish species sampled (Table 1) . Over all states and replicates (three replicates of stone loach + sticklebacks; three replicates of minnows + sticklebacks; three replicates of stone loach only; three replicates of minnows only; three replicates of sticklebacks only), the results showed that the single-host controls had no apparent accidental infections (n = 303 gyrodactylids) , all gyrodactylids recovered being normally associated with that host (Table 2 ). Two specimens of G. gasterostei in a stickleback control and a single specimen of G. aphyae in a minnow control, however, were recovered from the bottom of their respective vessels. Eight individual gyrodactylid specimens, however, were observed to transfer to an atypical host (Table 2 ) and nine specimens of G. gasterostei, which failed to attach, were recovered from the bottom of the experimental vessels. In the stickleback-minnow trials (18 hosts; 191 gyrodactylids), one specimen of Gyrodactylus arcuatus Bychowsky, 1933 and one specimen of G. gasterostei, species usually restricted to sticklebacks in the UK, were recorded on minnows whilst a single specimen of the minnow parasite Gyrodactylus limneus Malmberg, 1964 and 2 specimens of G. macronychus (n = 9) (n = 9) (n = 9) (n = 9) (n == 9) (n = 9) Abbreviations: t4 of these specimens failed to attach and were recovered from the bottom of the experimental vessels (one specimen lacked an MeO but had a embryo in utero (8tage 1 or 81), one specimen had an MeO and embryo in utero (8tage 3 or 83) , two specimens had an MeO but no embryo in utero (8tage 4 or 84)). ~ 5 of these specimens failed to attach (one specimen lacked both an MeO and embryo in utero (8tage 2 or 82),1 83,381), a-f, the maturity status of each gyrodactylid transferring to an atypical host; a, 2 84; b, 1 81; c, 1 82; d, 1 81; e, 1 82; f, 2 81. g-ab, the maturity status of each gyrodactylid remaining on its primary host; g, 181,182,383, 484; h, 183; i, 4 81,182 , 183, 584; j, 7 81 , 182, 683, 184; k, 184; I, 24 81 , 1382, 183, 384 ; m, 20 81 , 282,583, 384 Bychowsky (1933) , Pugachev et al. (2010 ) Longshaw et al. (2003 Current study Geet et al. (1999 ) Geet et al. (1999 ) Geet et al. (1999 Domnich and Sarabeev (2000) , Sterud (1999 ) Shinn et al. (1996 , Sterud (1999) Sterud (1999) Achmerov (1952), Pugachev et al. (2010 ) Pugachev et al. (2010 ) Dorovskikh (1997 Current study Gussev (1985) Glaser (1974), Pugachev et al. (2010 ) Dorovskikh (1997 ) Dorovskikh (1997 Valtonen et al. (1997 Valtonen et al. ( , 2003 , Nedeva and Babacheva (1999) Dorovskikh (1997) ; current study Pugachev et al. (2010) Galli et al. (2002 ) Dorovskikh (1997 Dusek ef al. (1998) , Nedeva and Babacheva (1999) , Gelnar et al. (1997) Ergens and Bychowsky (1967) , Pugachev et al. (2010 ) Pugachev et al. (2010 ) Pugachev et al. (2010 ) Pugachev et al. (2010 Malmberg (1957), Pugachev et al. (2010 ) Pugachev et al. (2010 Pugachev et al. (2010 Current study Malmberg (1964) , Pugachev et al. (2010 ) Pugachev et al. (2010 Current study Malmberg (1957) , Pugachev et al. (2010 ) Pugachev et al. (2010 ) Blazek et al. (2008 , Pugachev et al. (2010 ) Mo (1997 Squa/ius cephalus (syn . Leuciscus cephalus cabeda) Pugachev et al. (2010) Barbatula barbatula t Gvosdev (1950) , Pugachev et al. (2010) 
Gasterosteus aculeatus Silurus asota Barbatula barbatula t Barbatula toni Silurus asota
Current study Pugachev et al. (2010 ) Gvosdev (1950 , Pugachev et al. (2010 ) Pugachev et al. (2010 ) Pugachev et al. (2010 t Denotes the primary host for each species.
M. I. Grano-Maldonado, J. E. Bran, M. Longshaw and A. P. Shinn (11.8% of the G. macronyc hus population) , species restricted to minnows in the UK, were found to have transferred to sticklebacks (Table 2) . Similarly, in the stone loach-stickleback experiment (18 hosts; 82 gyrodactylids), a total of two specimens of G. gasterostei (4 .7% of the G. gasterostei population), a species usually restricted to sticklebacks in the UK, were found on two stone loach and a single specimen of Gyrodactylus pavlovskyi Ergens et Bychowsky, 1964 , which only infects stone loach in the UK, was recovered from a stickleback. All of these transfers, with the exception of a specimen of G. gasterostei transferring to a minnow (see Dorovskikh , 1997) , are recorded for the first time (see Table 3 ) . The maturity status of each gyrodactylid transferring to a new host was determined and the details are given in Table 2 . Of the eight specimens transferring, two had a visible, well developed MCO while six specimens did not, four had an embryo in utero while the remaining four did not. Parasites were recorded on fins, skin and gills of all hosts. All of those gyrodactylids found on "atypical" hosts were recorded from the fins and skin .
Two unattached specimens of G. gasterostei (Stage 2 and Stage 3) and a single unattached specimen of G. aphyae (Stage 1) were recovered from the bottom of the stickleback and minnow control vessels respectively. In addition , four unattached specimens of G. gasterostei were also recovered from the bottom of the experimental vessels in the stone loach-stickleback trials and five from the stickleback-minnow trials representing 9.3% and 4.4% of the G. gasterostei population in each set of experiments . The maturity status of each detached spec imen was also determined , four specimens possessed an MCO, five did not whilst six of the nine specimens had an embryo in utero. Given the low number of specimens failing to attach or transferring to an atypical host, it is not possible to identify underlying drivers (e.g. possession of an MCO, detachment during the process of giving birth or encumbrance by a large embryo in utero) for the behaviour/status of these individuals.
Discussion
This study provides evidence for the accidental host transfer of Gyrodactylus species maintained in artificially cohabiting host communities over a short time (3 h) period. Under normal conditions, the ability to transfer between hosts, even for short periods, can extend the effective host population available for colonisation, which may be important for survival of individuals and species, particularly when access to optimal hosts is limited (e.g. low recruitment success of the usual host) . The ability of Gyrodactylus species to transfer between hosts during the sampling process or through mixedspecies transportation in the same container, raises important questions over the potential accuracy and reliability of assessments of parasite fauna made following such transport. In this study, the gyrodactylid fauna of artificially cohabiting sticklebacks , stone loach and minnows following a series of 3 h cohabitation experiments was assessed. The results showed that a number of worms were found to have transferred to an atypical host, with each of these transfe rs, except for the transfer of a single specimen of G. gasterostei onto minnow, being recorded for the first time (Table 3) . No accidental infections were found among the 303 gyrodactylids recovered from the control fish. An ongoing gyrodacty lid surveillance programme in the River Endrick (> 10 years), undertaken by some of the current authors, has similarly documented no accidental infections within these hosts. Whilst it is possible that the observed accidental transfers may have occurred prior to collection of fish from the wild , the lack of accidental transfers in control groups suggest that this is not the case . A refinement of this study could be to treat all fish with a general anthelminthic to remove all gyrodactylids then experimentally expose fish to a known number of gyrodactylids. Subsequent cohabitation with mixed nafve species could then lead to parasite transfer. However, this was outside the remit of the current study, which was concerned with transfer under transport conditions. This study has revealed that the opportunities provided for transfer of gyrodactylids between host species arising from a relatively standard sampling routine may affect the correct allocation of parasites to hosts, and the diagnosis, management and control of gyrodactylosis in a variety of fish . Robertsen et a/. (2008) suggested that host transfer under natural conditions could cause significant expansion of the geographical range of pathogenic variants of G. sa/aris, allowing it to spread. Gyrodactylids can rapidly colonise an entire river system (Bakke et a/. , 1992) , such colonisat ion being presumably largely dependent upon host densities and / or availability, such that an expanded host range might be expected to contribute to the speed of colonisation . Colonisation ability also depends on survival time off hosts and gyrodactylid survival time depends particularly upon water temperature (Sol eng and Bakke, 1997) . Gyrodactylus sa/aris can survive for 4 days at 3°C (Olstad et a/., 2006) and survival of detached G. gasterostei was similarly temperature dependent, being 103 h at 4°C . Some host species are clearly more susceptible to inpection by a wide number of Gyrodacty/us species. Minnows, for instance have been reported to be associated with a total of 14 gyrodactylid species belonging to seven species groups , more than any other single host (Bakke et a/ ., 2002) . The presence , in sampled fish fauna , of hosts with a broad range of parasites or indeed the presence of Gyrodacty/us species showing low host specificities in such samples might be considered to exacerbate problems of interspecies transfers. This said , in the present study only three gyrodactylids for whom minnows (G. macronychus, G. limneus) and stone loach (G. pavlovskyi) are the primary (typical) host were found to have erroneously transferred to a stickleback (atypical host). This fact may be related to the short period of exposure provided (3 h) , although this time period reflects an assumed typical transfer time of fish from field sample sites to a laboratory. During a longer term study, Blazek et al. (2008) demonstrated that a single specimen of G. macronychus transmitted from a minnow to a roach. Although not expressly measured or observed, it is interesting to speculate on the mode of gyrodactylid transfer between hosts.
Whilst accidental host transfer has been demonstrated to occur following artificial cohabitation of hosts, it is difficult to assess the relevance of such accidental transfer abilities to wild populations. Both the control hosts in the present study and the historical fish-parasite record for this stretch of river showed no evidence of Gyrodactylus cross-infection for the hosts examined. This may be indicative of the fact that in the capture environment different host species are isolated from one another by differing environmental preferences (e.g. benthic / open water habits) or behavioural isolation mechanisms, which effectively decrease probabilities of accidental transfer between host species . Furthermore, host specificity has been used previously as a diagnostic criterion for some species, although this is variable. Many Gyrodactylus species are considered host specific, at least to genus or host family. For example, whilst G. safaris is considered as a salmonid parasite, it has been found to occur on minnows , Pfatichthys f/esus and several genera of salmonid. This, however, is an oversimplification with different haplotypes potentially occurring on different hosts . Of those species that were shown to transfer to an atypical host during the current study, the two stickleback gyrodactylids, G. arcuatus and G. gasterostei have been recorded on at least 9 and 12 different hosts respectively under normal conditions (Table 3) . In contrast , the number of fish species serving as hosts, typical or accidental , for G. fimneus , G. macronychus and G. pavfovskyi is lower (see Table 3 ). The wide host specificity of the stickleback gyrodactylids may be either due to previous misidentifications providing an overestimate of the number of true hosts or may be due to a biological transmission strategy on the part of those parasites. Three-spine sticklebacks occur in a wide range of lentic and lotic water conditions ranging from freshwater to fully marine. Gyrodactylid parasites of sticklebacks may therefore show a measure of the same plasticity with respect to host and environment.
This study has demonstrated that accidental transfer of gyrodactylids may occur during artificial cohabitation following field sampling of host fish species. Hence standard field sampling practices involving transportation of multiple host species in the same container may affect the correct allocation of parasites to hosts, and the diagnosis, management and control of gyrodactylosis in a variety of fish and it may thus be prudent to reconsider sampling protocols in the light of these findings .
